In the second half ofthe 19th century a number of elementswas prepared in the metallic state for the first time, and to the Iist of the metals that had been in common use for centuries was added a group, which, for different reasons, for many years to come did not find any technical applications. In the twenties these new metals were referred to as "rare" metals, in contradistinction to the" common" metals, although many ofthem, e.g. titanium, are not rare elements at all. One of the new metals, aluminium, soon started to become one of the most " common ", if this term is used in the sense of being commonly used as a construction material. When tantalum, molybdenum, tungsten, titanium and zirconium, and later uranium and thodum in that order, started to find increasing application in industry, the term "rare" became obsolete, and was changed into "less common ". We would not expect that this group of metals, which differs from the group of common metals only in that it has found application at a much later date, would form a natural group.
The purification of metals is a very difficult problern since there are no solvents from which metals can be crystallized like soluble chemical compounds, and the vapour pressures usually are so low that fractional distillation cannot be used. In principle, this problern is solved in two ways, by transport through a gas phase, and by the application ofzone refining. These processes, however, can hardly be applied on a very large scale, and, therefore, in order to prepare pure metals on a commercial scale, one has to start from pure materials, compounds, from which the metal can be obtained by three methods only, vi;::,. thermal decomposition, reduction by some suitable element or compound, or electrolysis.
The preparation of pure metals from mixtures would not be more difficult than that of, say, an organic compound, if the metals did not form solid solutions. From a liquid nickel-iron alloy pure iron or pure nickel could then be obtained by crystallization, just as from a solution of sodium chloride in water pure ice or pure sodium chloride can be obtained.
Solid solutions are also formed from metals and non-metallic elements, boron, carbon, nitrogen and hydrogen. De Boer was the first to observe the formation ofsolid solutions ofmetal and oxygen, or rather, solid solutions of metal and oxide. An oxide layer on zirconium diffuses into the metal on heating in a good vacuum 1 • The importance of these solid solutions of oxide for the preparation of pure metals is evident. Calcium and calcium oxide do not form solid solutions, or rather, their solubility Iimit is extremely low. Thus, pure calcium can be obtained from a mixture of calcium and calcium oxide by fusion of the metal.
From a mixture of zirconium and its oxide, however, one phase ZrOx will be formed.
Such non-stoicheiometric oxygen phases are described as " oxygen alloys ".
The properties of metals are changed by small amounts of impurities: the hardness increases, and at the same time the ductility and the conductivity decrease. This change in properties is explained by the disturbance of the periodicity in the crystal lattice. For equal mole fractions the effect is very different for different impurities, and strongly dependent on the form in which they are present. The effect issmall when the impurity atoms are very similar to the atoms of the bulk of the metal, e.g. for molybdenum in tungsten. It will also make a difference whether the impurities are located in the interstices, as with the smaller non-metallic atoms, or whether they substitute atoms in their normallattice positions.
The effect of impurities seems to be small, if they form a rather coarse second phase, e.g. oxide particles occluded in a metal in which this oxide is insoluble: if this second phase, however, is formed by precipitation from a super-saturated solid solution, and, thus, is extremely finely divided, the effect on the mechanical properties may be very strong 3 • We know that oxygen in different metals is present in different forms. Von Wartenberg 4 had already found that thorium containing oxygen is ductile. It is still ductile with 1·7 per cent oxygen 5 , whereas titanium with only 0·62 per cent is perfectly brittle, with zero elongation 6 • Less than 0·3 wt. per cent of oxygen has no effect on the mechanical properties of chromium 7 a. The ductility is greatly improved if a thin surface layer is removed 7 h.
For titanium 8 , zirconium 9 and hafnium 10 the compositions at the solubility limit at 600° have been measured by determining the lattice parameters: these compositions are Ti0 0 • 50 , Zr0 0 • 40 and Hf0 0 • 26 (Table 1) .
The solubility limit for vanadium must be much lower, since at a composition V0 0 • 15 , a second phase is formed. At I ,600° the solubility Iimit is "" 3 atom per cent 11 • By damping measurements it has been shown that oxygen in tantalum forms a true solution. Below I ,300° this oxygen cannot be removed by heating in vacuo, but at 2,300° and low pressure all oxygen is removed. At 750° the solubility limit is 3·7 atom per cent, and the composition Ta0 0 • 04
•
The solubility Iimit is probably very low for uranium, thorium and beryllium; no effect of oxygen on the lattice constants has been observed. For the latter metal there was no change in its properties when the oxygen content was over 0·2 per cent. The solubility Iimit, therefore, must be lower but could not be measured, since beryllium with less than 0·2 per cent oxygen has not been prepared.
For comparison with the metals with high solubility Iimits it should be mentioned that, e.g., for y-iron this limit is 0·003 per cent 13 , and for chromium 0·03 per cent 14 at 1,350°. In order to understand the nature of the solid solutions of oxide it will be helpful to remernher that de Boer has found 15 that oxygen in zirconium migrates to the cathode under the influence of an electric field. From this experiment it may be concluded that the bonding between oxygen and metal is essentially ionic: this picture is in agreement both with the properties of these solid solutions, and with those of the oxides of the metal.
The oxygen ions are located in the octahedral interstices of the metal lattice 16 : for vanadium this was confirmed by neutron diffraction. If in a cubic close-packed lattice (face-centred cubic) these interstices are gradually filled> eventually a lattice of the sodium chloride type, with composition AO, if the metal is represented by A, would be formed. Whether this phase, as a purely ionic compound, is stable depends on its heat of formation per equivalent; this should be greater than that of the next stable higher oxide. On calculation it is found that ThO probably could not be stable, and would disproportionate into thorium and Th0 2 • In the first transition group, the lower compounds are more stable; however, on calculation it is found that TiO, if it were a purely ionic compound, would certainly disproportionate.
The same holds good for VO; the real existence ofTiO and VO contrasting with the non-existing phases CrO, FeO and ScO, suggests that TiO and VO must be stabilized in some special way. When we realize that in the oxides AO the distance between the cations is rather different from that in the meta!, with the exception of VO and TiO where these distances are almost equal, the explanation of the stability seems to be that, in VO and TiO, where the cations are at the same distance as in the metal, the phases AO are stabilized, because the remaining d-electrons are used to form bonds of the same type as in metals.
Let us assume that the Ö 2 -ionsfit exactly in the octahedral interstices of a face-centred meta! lattice. Then, on gradual introduction of 0 2 -ions, the situation in one octahedron is not changed when one of its neighbours is filled. The consequence of this is that the energy per equivalent oxygen is independent of the concentration, or, in other words, the whole series of compounds AOx, from x = 0 for the pure meta! to x = 1 for the compound AO, are stable. If, however, the interstices are smaller or !arger, it will require energy to change the interstices, and the series of solid solutions will be interrupted. However, ordered phases AOp, with p equal to !, !, %, etc., still may be stable; the series of solid solutions breaks up into a number of compounds with a more-or-less constant composition. In the sequence TiO, ZrO, HfO, ThO, the AO phase becomes less stable, for two reasons: the weakening of the cation-cation bonds, and the increasing tendency to disproportionation of the ionic bonds. In practice, the AO phase is stable for titanium only.
In actual fact, the metals ofthe fourth group, with the exception ofthorium, are not face-centred cubic but hexagonal close packed. The latter lattice has the same octahedral interstices as the cubic close-packed form; if they are occupied by 0 2 -ions an anti-NiAs structure is formed, in which, in the direction of the hexagonal axis, the anions lay at rather short distances. This lattice, because of these short anion distances, becomes unstable when a greater part of the octahedrons are filled; at a composition Ti0 0 • 5 it goes over into the sodium chloride type of structure, in which there are no short distances between anions.
The metals vanadium, niobium and tantalum are body-centred cubic: since atoms of niobium and tantalum are }arger than titanium atoms, they will not form an AO phase, and the solubility in the metal will be lower because the 0 2 -ions do not fit as weil in the octahedral interstices 17 • The oxygen solubility in the metals is further decreased by the fact that the bodycentred structure has no regular octahedral holes. Since in these holes the 0 2 -ions fit very badly, the solubility in vanadium is much lower than in titanium, and is, for the reasons given above, still further reduced in niobium and tantalum.
The atoms of the third group elements are }arger than that of the fourth group metals: the solubility of oxygen probably is much lower. The beryllium atoms on the other hand are so small, that for this element the oxygen solubility willberather low. The solubility Iimit for the meta! in equilibrium with an oxide increases with temperature; at the melting point 18 the zirconium oxide phase is Zr0 1 • 2 • Titanium and zirconium at higher temperature form a body-centred structure, and, as would be expected, the solubility in this transition decreases. The solubility limit for the a-form is 14·5 wt. per cent and only 1·8 wt. per cent for ß-titanium at 1740°1 9 • On the other hand, the solubility must be very high in liquid metals, because in the liquid state there are flexible interstices of a different kind. This is the reason that liquid metals react so easily with oxides: CaO and liquid titanium will react to form a solution, which contains Ca atoms and 0 2 -ions simultaneously.
The solubility of nitrogen and hydrogen follows rules similar to those for oxygen: since oxygen for our purpose is more important than any of the " interstitial " elements, we will not go into detailed discussion of these systems.
It is difficult to understand why metals do not form solid solutions with their fluorides; such solutions have not been observed for titanium. However, if such solutions exist, they would decompose at high temperature, because of the volatility of TiF 4 •
In the other halides the halogen ions are too large to be inserted in the octahedral interstices; if they exist, these systems would also decompose at higher temperature, because of the volatility of the halides; only very small amounts of chlorirre are found in Kroll-titanium.
Chalicides form substitutional solutions with the elements of the fourth group 2 : the solid solutions of antimony 20 probably are of the same type.
THE INFLUENCE OF IMPURITIES ON THE PROPERTIES OF METALS
In practice, oxygen is one of the most troublesome impurities in the less common metals, because it is extremely difficult to avoid all atmospheric contamination. The effect of one equivalent of oxygen on the properties of the metal is not very strong. In titanium the effect of an equal nurober of atoms on the hardness increases in the sequence C -~ 0 -~ N 21 • Oxygen was found to have no effect on the ductility of chromium, ifthe metal contained less than 0·3 per cent. Carbon, however, in amounts greater than 0·02 per cent could not be tolerated, and nitrogen in amounts of less than 0·01 per cent raised the bend transition temperature 7 a. A similar effect has been observed in niobium 22 • 66 a. However, the quantitative data arerather controversial. According to Amonenko 23 , the ductility ofchromium increases until the 0 and N content is lowered below 10 p.p.m., and in niobium the brittle-ductile transition temperature still drops as the 0 content is decreased to below 0·01 per cent 24 • Substitutional impurities may have a greater influence on the properties than interstitial: the addition of iron to titanium causes a much greater hardness than the same atomic ratio of oxygen 25 ; it may be that the periodicity of the lattice is more disturbed by substitution of atoms in normal lattice sites than by interstitial atoms. There are indications that the effect of different impurities per atom per cent, in amounts below the solubility Iimit, varies inversely with this Iimit. This may sound somewhat like a paradox. We should realize that the solubility Iimit is low because the solute atoms do not fit in the metal lattice, and, thus, will give a greater disturbance of the periodicity of the latter the lower the solubility. The nitrogen solubility limits are lower than those of the oxides, and the equivalent effect of nitrogen is stronger.
In the body-centred metals, less than 0·01 per cent of oxygen and nitrogen still affect the brittle-ductile transition temperature. On the other hand it has been claimed, that 0·25 per cent oxygen in iodide zirconium has practically no effect on the ductility 26 • THE CHOICE OF THE STARTING MATERIAL The oxides of allless common metals can be obtained in a pure state much more easily than any other compounds. So the oxides would be the ideal starting materials for metal production, if they did not form solutions with both the solid and the liquid metal. Because of the great heat of formation, the oxides cannot be converted into the metals by Straightforward thermal decomposition of rhenium and the metals of the sixth and fifth groups, where very high temperatures are required to remove all oxygen; the same applies to hydrogen reduction that is used for rhenium and the metals of the sixth group. Since the heats offormation reach a maximum in the second or third group in the periodic table, the oxides cannot be reduced by alkali metals. Calcium and magnesium can be used, but when thesemetals are in excess, they will alloy with the reduced metal, and if the oxide is in excess, this will form a solid solution with the metal.
Titanium oxide is completely reduced by calcium: the metal in the mixture with Ca0 27 contains only 0·07 wt. per cent oxygen, but this relatively pure metal cannot be separated from the calcium oxide. If the latter is dissolved in water or acid, the titanium will be oxidized. The mixture cannot be separated by fusion either. Because both calcium and TiO are soluble in liquid ti tanium, the reaction TiO + Ca-----+Ti + CaO will be reversed and a solution containing oxide will be formed. Liquid titanium in this way will react with all oxides: there will be no oxide from which crucibles can be made in which titanium can be fused. On the other hand, small amounts of oxides in titanium cannot be removed by arcmelting.
Because of the high melting points the oxides are unsuitable to form a bath, from which the metal could be deposited by electrolysis.
According to their oxide solubility Iimits, the less common metals can be divided into three groups. Uranium, thorium, the lanthanides, yttrium and scandium show a very low oxide solubility. The oxides of these elements on reduction will form metals with a low oxygen content, and the metals can be separated from the oxide by fusion. If in this process, or when the oxide is removed by leaching, there is a slight oxidation, this will not be harmful, because the oxide is occluded in the metal as a second phase, not in solid solution.
Molybdenum, tungsten, niobium and tantalum do dissolve oxide, but since thesemetals have very high melting points, and the heats offormation 706 of their compounds are much lower than those of the metals in the 4th and 3rd group, the oxygen content can be greatly reduced, either by evaporation or decomposition, when the metals are arc-melted, or heated in vacuo or in an inert atmosphere. In molybdenum and tungsten the oxygen is eliminated by disproportionation of the lower oxide phase into metal and a volatile higher oxide. For chromium and vanadium, with their lower melting points, these methods are less effective.
The " difficult" metals of the fourth group, titanium, zirconium and hafnium, combine a high oxide solubility and great heat of formation with melting points which are so high that the metals will dissolve large amounts of oxide, but arenot high enough for decomposition of the oxides. If they contain oxide, either because of imperfect reduction, or because of oxidation during the leaching process, this oxide cannot be eliminated by fusion, arcmelting or heating in a vacuum.
The oxides of rhenium, molybdenum and tungsten can be reduced with hydrogen, and the powders converted into ingots, either by sintering or arc-melting.
The oxides of niobium and tantalum can be reduced with carbon: if care is taken that the final product always has an excess of oxygen, the residual carbon and oxygen can be eliminated by arc-melting.
The metals of the low oxide solubility group cannot be prepared from the oxides by reduction with alkali metal, but for thorium 28 and uranium calcium is effective, and a good quality metal has been obtained. There are no serious problems with the crucible material, since uranium can be fused in both Th0 2 29 and U0 2 30 crucibles. The elements ofthe third group cannot be reduced by calcium: Ianthan um oxide cannot be reduced at all, but Ianthan um will reduce all other elements of the third group, because its oxide has the greatest heat of formation of all.
The elements samarium, europium and ytterbium can be prepared by reduction of the oxides with lanthanum 31 only. Theseelements form stable dihalides which behave as alkaline earth halides and cannot be reduced. In reaction with alkali metals an equilibrium is established between the metals which form an alloy and are soluble in the liquid halides.
Because of the low melting points, e.g. 823° for europium 32 , the oxides on reduction with lanthanum yield a good quality metal.
Since sulphides also form solid solutions, · and are soluble in the liquid metal, they are almost as unsuitable for use as starting materials as the oxides. Because of a lower heat of formation, it will be easier to remove the sulphur by heat treatment. Small amounts remaining in the metal have a strong influence on the mechanical properties; the ductility of titanium is decreased by even 0·02 per cent of sulphur 33 • Metal-metal compounds as a starting material are not recommendable either. A good quality oftitanium is said to have been obtained by preparing an aluminium-titanium alloy by an aluminothermic process, and extraction of the aluminium from the alloy by heating in aluminium chloride vapour. In practice this method will not give a high purity metal, because the oxygen in the alloy will not be removed in the process 34 • Another suggestion is to prepare uranium-zinc 35 and thorium-zinc 36 compounds by electrolysis 37 or fluoride reduction in the presence of zinc in excess, and to remove zinc by distillation in vacuo; however, the impurities in the alloy will not be eliminated in this process.
The prospects are much better for the halides. Because the heats of forma tion are much lower than those of the oxides, many halides will form metal by thermal decomposition. Because of their lower melting points, the greater part of the halide can be removed from the metal-halide mixture formed in the reduction by fusion. Finally, in the liquid state they are good ionic conductors, and, thus, can be used in salt baths for electrolysis.
Theoretically, the production of metals from halides seems a simple problern. The preparation of tantalum, by heating a wire in the vapour of the pentachloride 38 , is a good example of a simple thermal decomposition in which a very pure metal was obtained. A very pure titanium has been prepared by reducing the tetrachloride with sodium
•
There are, however, a great number of difficulties, in the first place, in the separation ofmetal and chloride. Ifthis chloride is extracted with water, the surface of the metal particles is oxidized and the metal, formed from the leached powder by sintering or vacuum fusion, may contain so much oxygen that it is not ductile. It is now clear why, in the experiments of Lely and Hamburger 40 , the metal particles after leaching were ductile, but the meta! pressed into a rod and sintered was brittle, because the oxide, formed at the surface of the grains, diffused into the metal. It is obvious that the oxygen content ofthe metal will be the greater the smaller the particle size. Different Suggestions to increase the particle size have been made. When titanium tetrachloride and sodium are mixed, there is a violent, rapid reaction in which a fine titanium powder is formed. Larger crystals are obtained when the tetrachloride is first reduced to a lower chloride, and sodium is slowly added to the liquid mixture of this chloride and sodium chloride 39 ; on arc-melting, ductile ingots, very low in oxygen, are obtained.
The reduction of the chloride by a " jet " method, in which a sodium or magnesium flame burning in titanium tetrachloride 41 or zirconium tetra~ chloride vapour would deposit compact metal on a cooled surface has been suggested. The construction of this "torch '' or "jet" apparatus is a very difficult engineering problern that as yet does not seem to have been solved.
Another suggestion has been to leach the chloride by a liquid, which does not contain oxygen, e.g. aluminium trichloride 42 , or simply to remove the liquid halides by draining. Since in both cases the chloride is not completely removed, there will be difficulties in the arc-melting or sintering into a compact ingot. So far the best results have been obtained by the Krollmethod, in which the chloride, magnesium chloride, is removed by distillation in vacuo 43 • There can still be some oxidation when the metal powder comes into contact with air, but this oxidation can be prevented by pressing the powder into rods and sintering in an inert atmosphere 44 • It is claimed that the metal thus prepared has only 0·08 per cent oxygen instead of 0·3 per cent, which is the average value for Kroll-material.
When the metals are prepared by electrolysis from a salt bath, there is exactly the same difficulty in the separation of the metal powder from the adherent chloride of the bath.
A pure metal can be obtained by electrolysis only if it is deposited in the form of large crystals or grains. The question, how to grow these large crystals, will be discussed later.
SOURCES OF CONTAMINATION IN HALIDE REDUCTIONS
Metals prepared by halide reduction in practice always contain impurities other than the ones introduced by contact with the atmosphere, or in the leaching process. These impurities can have various origins.
A very important source of contamination is in the contact ofthe reactants with the walls of the reaction vessel. At the high temperature at which the reduction reactions occur, practically all metals react with all others. The effect of the wall is reduced in large-scale operations, but since at high temperature liquid metals react with oxides, carbides and almost any other compounds, in vessels made from these materials, contamination can never be completely prevented. The construction of the reactors should be such that there is no contact between metaland wall. This is possible for electrolysis, or in the hot wire process. If there is contact with the wall, contamination can be prevented completely only by using a lining ofthe metal to beprepared.
IMPURITIES ORIGINA TING FROM THE REDUCTOR
Sodium, magnesium and calcium of good quality are available for halide reduction, and it is generally assumed that they will not contain oxygen or nitrogen when, before use, they have been fused and filtered through steel filters. Noden et al., however found that sodium dissolves measurable amounts ofits oxide<l 6 • The solubility is 0·27 wt. per cent at 540°; this could introduce about 0·5 wt. per cent of oxygen in titanium. In order to prepare metals of a degree of purity over 3, it would be necessary to use freshly distilled sodium, which has not been in contact with air or oxides at all, or filter the liquid meta! over a hot getter metallike titanium, zirconium or uranium.
An even more serious source of contamination by the metal used as a reductor is that it may form an alloy with the meta! to be produced. Alkali metals do not form alloys-they have very low solubility Iimits.
There is practically no sodium in titanium prepared from titanium tetrachloride by sodium reduction 40 ; the mechanical properties were not changed when zirconium was exposed to sodium vapour<l 7 • Kroll-metal always contains magnesium.
IMPURITIES IN THE HALIDE
There are no serious difficulties in the preparation of halides containing not more than 0·1 per cent or 100 p.p.m .. of metallic impurities. By using solvent extraction, or ion-exchange techniques, even the most difficult separations, as e.g. in Zr-Hf, or in mixtures of lanthanides, it is no Ionger a problern to reach even a higher degree of purity. It is much more difficult to avoid contamination by non-metallic elements, in the first place oxygen.
The chlorides, from which the metal is obtained, are prepared by chlorination, either in the reaction of chlorine with a mixture of oxide and carbon, or in the reaction of oxide with chlorides like carbon tetrachloride or chloroform. After the sublimation or distillation of the chloride, contact with air should be prevented, but, even then, the chloride may contain oxygen in the form of oxychlorides. V ery stable oxychlorides are formed by the metals with high valency. Inchlorides AC1 5 and AC1 6 the stability is decreased by the strong anion-anion repulsion. This anion-anion repulsion is reduced when two CI-ions are substituted by one 0 2 -ion. This is the reason for the stability of compounds like VOC1 3 , Ta0Cl 3 , Mo0 2 Cl 2 , etc. Since these molecules have a cation-anion ratio 1 :4, the molecules are still " shielded ", and the compounds have low sublimation energies not very different from those of the chlorides AC1 4 , AC1 5 or AC1 6 • So, after sublimation, these chlorides may still contain some oxychloride.
The tetravalent elementsform oxyhalides of the type AOC1 2 • Since the anion-anion repulsion in halides AX 4 is weaker than in halides AX 5 or AX 6 , the oxyhalides AOC1 2 are less stable; if they are formed at allin the chlorination process, they are not harmful if the chlorides are purified by distillation. It has been found that Th0Cl 2 under this condition forms Th0 2 and ThC1 4 48 , and Th01 2 forms Th0 2 + Thl 4 78 • Since their cationanion ratio is 1: 3, these oxyhalides are less volatile than the oxyhalides AOC1 3 , and even less volatile than the tetrahalides. The halides TiC1 4 , ZrC1 4 , after distillation or sublimation, will contain very small amounts of oxyhalides only.
The rare earth metals form stable oxyhalides, AOX. The halides AX 3 are much more volatile than these oxyhalides, and one would not expect that after sublimation the halides AX 3 would still contain measurable amounts of oxygen in the form of oxychloride. It was found, however, that YC1 3 49 , after sublimation, still contains some oxygen. It does not follow that the oxygen transport is caused by a volatile oxychloride YOGI.
A similar transport has been observed for CrOCl. This compound cannot be sublimed, and it is assumed that the oxygen transport is due to the oxychloride Cr0 2 Cl 2 50 which must have been formed in a rather complicated disproportionation process, in which chromium chloride, CrC1 2 , is formed too. This type of transport is very unlikely in the case of metals of lower valency, but, in the presence of chloride in excess, a volatile species like (AC1 3 )nAOCl may be formed.
When the halides arenot prepared from the pure oxides it may be very difficult to separate the chloride from an oxyfluoride of the impurity metal, as for instance VOC1 3 from TiCl 4 and Nb0Cl 3 from ZrC1 4 • Fluorides, used in metal production can be a source for oxygen contamination too. Tervalent metals form extremely stable oxyfluorides, AOF, because they form a very stable structure of the CaF 2 type; it would not be advisable to use AF 3 , prepared from aqueous solutions, for the production of the meta!, unless the oxyfluoride has been removed by sublimation.
Camplex fluorides, like KTaF 6 , K 3 ZrF 7 , K 2 TiF 6 , which are often used in the electrolytic production of metals, may contain oxygen, either in the form of OH groups, or as complex oxyfluorides. If the fluorides contain some metallic impurity also, it may be very difficult to remove oxygen, because isomorphaus compounds may be formed, e.g. K 2 NbF 5 0 and K 2 ZrF 6 • In some cases, the complex fluoride may be isomorphaus with the oxide,
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e.g. Na 3 AlF 6 ( cryolieth) and Al 2 0 3 • In that case the oxide will be easily soluble in the molten fluoride.
The salt bath, used in electrolysis, may contain oxygen, if the oxide or an oxyhalide is soluble in the halide mixture. Since divalent metals do not form oxyhalides, and their oxides thus probably are not soluble in their halides, the change of oxygen contamination in electrolysis will be low, if the salt bath does not contain cations with charge higher than 2.
HALIDE REDUCTION
A metal can be prepared from ahalidein a large number of ways, using different halides or metals, and changing temperature and pressure.
Insofar as the halide is concerned, there is a choice between fluoride and chloride. Bromide or iodide reduction would not have any advantages which would compensate for the higher costs.
The fluorides of the metals of valency higher than 4 are very volatile, and difficult to prepare. It would berather impractical to try to prepare molybdenum or tungsten by reduction of their fluorides, as these metals can be easily prepared by hydrogen reduction of their oxides. The fluorides of niobium and tantalum form stable complexes which can be easily reduced bysodium.
The elements of the fourth group are prepared by reduction of the chlorides which can be obtained easily in a very pure state. On the other hand, uranium 51 and thorium have been prepared from the fluorides which have the advantage of a very low vapour pressure, but, on the other hand, cannot be purified by distillation. In the preparation ofthe lanthanides both chloride and fluoride have been used. The chlorides can be purified by sublimation, but the fluorides, obtained from aqueous solution, contain about l mol of water. This must be removed by heating, in which process the very stable oxyfluorides are likely to be formed. The metals prepared in this way will certainly contain oxide, but this will not impair their mechanical properties if the solubility Iimit is low, as is probably the case with actinides and lanthanides. Reduction of zircon tetrafluoride and hafnium tetrafluoride by calcium will not yield a very soft metal 52 • Plutonium has been prepared bv reduction of the trifluoride with calcium in a calcium fluoride crucible 53 • By reduction of the halides some of the very rare heavier lanthanides have been prepared. Daane and Spedding 54 reduced the chlorides or fluorides of terbium, dysprosium, holmium, erbium and thulium with calcium in a tantalum vessel. Cantamination by tantalum could not be prevented, and the degree ofpurity ofthese metals is certainly not higher than 3. Scandium 55 a and yttrium 49 • 56 have been prepared in a similar way 55 h. Yttrium contained 0·16 per cent 49 and 0·003 per cent oxygen 56 respectively. It has already been mentioned that samarium, europium and ytterbium cannot be obtained by the reduction of the chlorides.
The heat of formation of the halide formed in the reduction reaction must be greater than that of the halide which is to be reduced. Thus, sodium, potassium, magnesium and calcium would serve our purpose. The two alkali metals have the great advantage that they do not alloy with the metal formed in the reaction.
For the reduction ofthe most stable halides ofthorium and the lanthanides the heat of formation of magnesium chloride is somewhat too Jow. In experiments performed in closed bombs it is difficult to reach the high temperatures which are necessary to obtain a coarse, sintered metal. For the reduction of these halides, calcium is better suited than magnesium, but even when using this metal, the temperature of the reaction is too low. In such cases sulphur is added as a booster. I t is questionable whether this procedure is helpful in obtaining really pure metals; sulphur would be expected to introduce a new source of impurity.
In spite of all precautions Kroll-meta! always contains considerable amounts of oxygen and nitrogen; for carefully prepared metal the oxygen content is still "' 0·30 atom per cent for titanium, "' 0·50 atom per cent for zirconium and "' 1·0 atom per cent for hafnium, and the hardness is so much increased, that hafnium even at high temperature is difficult to work. Since the degree of purity of Kroll-meta! is certainly not lower than that of metals prepared by other halide reduction reactions, the average degree of purity of the metals prepared by halide reduction will seldom exceed 3. Since in electrolysis there are the same sources of contamination, the quality ofthe metal prepared in this way will be of about the same quality. Electrolysis is not very important for recovery of metals from their compounds, but sometimes is very successful as a refining process.
PURIFICA TION
In metals with measurable oxide solubility limits, oxygen will impede the mechanical properties, unless the degree of purity is at least 4.
In principle there are quite a number of ways to improve the quality of a metal, viz.:
passage of the metal through the gas phase ( vi) electrolysis ( vii) zone refining This method in the form of arc-melting, or by an electron beain in which the liquid metal does not react with the wall of the vessel is a very efficient way to remove the more volatile metallic impurities, and compounds of the non-metallic elements either by vaporization or decomposition. This procedure is extremely efficient for the metals with very high melting points, e.g. rhenium, molybdenum, tungsten, niobium, tantalum. Oxygen in these metals will disappear by disproportionation of the lower oxide phase into the higher volatile ones (e.g. W 3 0 in tungsten).
The ideal method is levitation fusion because there is no crucible, and the temperature can be much higher than in arc-melting. In niobium, by this process, the oxygen content has been decreased to 0·003 per cent 66 a.
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Niobium and tantalum can be obtained by reduction of the oxide with carbon, followed by fusion or arc-melting 66 h. The metal will be free from carbon, if it contained oxygen in small excess; boron is the only metal that cannot be removed in this way.
Fusion and crystallization from the melt has been used to purify beryllium58; a rod was drawn slowly from the melt, as in the making of single crystals; this procedure is the equivalent of one passage in a zone refining process ( see below).
(ii) Sublimation or distillation
The quality of the metal can be improved by sublimation, if the volatility ofthe meta! is much greater than that ofthe oxide. In practice, sublimation is possible for the metals which have relatively low heats of sublimation, like chromium and manganese. Manganese cannot be prepared by the iodide process, and the best specimens of this metal have been prepared by sublimation. A good quality chromium, with only 10 p.p.m. impurities, has been obtained by sublimation from a tantalum vessel. The metal is plastic when freshly prepared, but, on storage in contact with air, it rapidly takes in oxygen, nitrogen and hydrogen 23 • The question whether chromium in the pure state is ductile has been under discussion for a Iong time. The recent work by Amonenko et al. 23 shows that metal with less than 10 p.p.m. of oxygen and nitrogen becomes more ductile when the concentration ofthese impurities is reduced further.
It is very remarkable that these small amounts still have an effect on the ductility. In all body-centred metals the brittle-ductile transition is strongly dependent on small amounts of oxygen: only when the 1 p.p.m. region is approached does the transition approach room temperature, and the metals become perfectly ductile 59 •
The effect ofsublimation on beryllium is not clear. There was no improvement in the ductility when a meta! containing 2000 p.p.m. oxide (and 800 p.p.m. of other impurities) was distilled 60 • On the other hand, the hardness decreased when the metal was distilled from a beryllium oxide crucible 61 , and nitrogenwas reduced from I0-2 to 10-3 per cent. No reduction in oxygen content has been reported. This rnight be an indication that, from a mixture ofberyllium and its oxide, a species with low vapour pressure is formed. This is not very surprising, since phases with low volatility under similar conditions are formed by alumini um and boron; probably, these elements could not be improved by sublimation from a mixture with the oxide either.
Mirrors on the walls of the container ascribed to volatilization have been observed in vanadium-oxygen 62 and titanium-oxygen systems at the composition Ti0 0 • 2 8
• 63
• It is very difficult to understand what the volatile compound really is. Since similar phenomena were observed in the titaniumsulphur system and in this case it could be shown that the volatility was caused by silicon 2 , there is a possibility that the mirrors observed in the oxygen systemarealso caused by some impurity. In other cases, the mirror is caused by products formed in the reaction of the lower oxide with the wall of the vessel, e.g. magnesium6 2 •
(iii) Vacuum heatin~
The effect of heating in a good vacuum is at best about the same as of fusion by arc-melting. It is still important for very high-melting metals, like tungsten. Hydrogen-reduced powder is pressed into rods and sintered, usually in a nitrogen-hydrogen mixture which, in this case, has the same effect as a vacuum.
Electrolytic chromium can be improved by hydrogen reduction: the oxygen and nitrogen content goes down to ""0·1 per cent and 0·01 per cent respectively 64 a. Ductile chromium was obtained by melting under argon 64 b.
(iv) Chemical methods
Even modern Iiterature is still haunted by the scavenger, the mysterious compound which should be able to remove all impurities from the metal. The ideal scavenger does not exist, but, in some cases, there arerather effective means to remove impurities, e.g. oxygen, from metals. Lanthanum oxide has the highest heat of formation of all oxides; therefore, the addition of an equivalent amount of lanthanum has been suggested for improving the quality of 0-bearing titanium or zirconium. The idea is that, on vacuum melting, the metal which has a lower melting point than La 2 0 3 , could separate as a liquid phase. This idea rests on the assumption that the difference in heat of formation of La 2 0 3 with Ti0 2 is so high, that lanthanum is able to extract all the oxygen from the solid metal, and the same holds good for calcium. In the liquid metal however, Ti0 2 and calcium are readily soluble, and the metal thus cannot be separated from the oxide by fusion; liquid titanium also reacts with La 2 0 3 vessels and, thus, La 2 0 3 cannot be a good scavenger. It can now be readily understood why the addition of cerium to titanium has the opposite effect. The hardness increases because a finely divided cerium oxide phase is formed 3 • However, the ductility of zirconium is improved by the addition of a few per cent of cerium or lanthanum 65 a, and the quality ofniobium is improved by titanium 65 b. Formetals with high melting points, the oxide of the "scavenger" will have the lower melting point, and form a liquid slag. On addition ofyttrium to vanadium, niobium and tantalum, there is a considerable improvement: the total impurity level is decreased, and nitrogen can be reduced from 0·35 to 0·05 per cent, and oxygen from 0·15 to 0·01 per cent 6 5c, Garbon has been proposed as an oxygen scavenger, on the grounds that with oxygen it forms carbon monoxide. For the metals with very high melting poi_nts, like tungsten and tantalum, this method will be effective, because the metal can be heated in vacuo to a very high temperature, and the heat of formation of the oxides of tantalum and tungsten is lower than those of the elements of the fourth group. For the latter, however, it will not be effective, not only because of the higher heat of formation of the carbide and the oxide, and the lower temperature, but mainly because both carbon and oxygen form solid solutions simultaneously, by which process the free energy of the system is further lowered.
The carbon reduction must be followed by arc-melting: good quality vanadium and niobium have been obtained in this way 66 • 
PREPARATION OF THE LESS COMMON METALS
The use of boron instead of carbon has been proposed. The heat of formation of the solid boron oxides is certainly higher than that of carbon monoxide, but they will have a much higher sublimation energy too; so it is doubtful whether the change in free energy in the reaction with boron is really much smaller than that with carbon.
A scavenger may be useful, if used in combination with crystallization. As in the way described above for beryllium, a titanium rod is drawn from the melt, this rod will contain oxygen; if, however, calcium or lanthanum is added in the right proportion, the solid metal in equilibrium with this liquid will be much Iower in oxygen.
(v) Transport through a gas phase An ingenious method for purification has been proposed by Gross 67 • If beryllium is heated with sodium chloride, a reaction occurs in which two gaseous products are formed Be (s) + 2 NaCl (s) ---:)--BeC1 2 (g) + 2 Na (g) On cooling the vapour, beryllium and sodium chloride are formed. When the original beryllium contains oxygen or carbon, these irnpurities do not react ·with sodium chloride; thus, the beryllium in the condensate does not contain oxygen. In practice, this method is not very effective, since there is the same difficulty in the separation of beryllium and sodium chloride as arises with the mixtures that are formed in the reduction of the chloride with sodium, or on electrolysis.
Another transport through the gas phase is based on the disproportionation of a vapour on cooling. Aluminium, heated in aluminium trichloride, A1Cl 3 , forms a vapour of AlCl which, on cooling, forms aluminium and the trichloride again. Oxides, nitrides, etc., in the metal are not transported.
Nickel is transported by iodine, or nickel iodide vapour; a nickel mirrar is formed in the cool end of the tube by disproportionation of a still unknown lower iodide, probably the monoiodide which is only stable in the vapour 68 • This transport method is used with great success to make single crystals of some non-metallic elements, e.g. silicon.
In the third method, based on decomposition of a halide vapour, the transport is from a metal at low temperature, to a wire or rod at high temperature. This "hot wire" method has the advantage over the Gross method, that a compact metal is formed.
Metals can be prepared in this way 45 , if the heat of formation of the halide is low, and the metal has a high melting point. Molybdenum, tungsten and tantalum can be transported by a chloride. Titanium can be deposited from the chloride vapour, but the required temperature is very near to the melting point. This metal, and all metals that form more stable chlorides, can be deposited from the iodide. Titanium, zirconium and hafnium were obtained in ductile form by this method; later copper, iron, chromium, vanadium, tantalum 69 and thorium 70 were also prepared, and the ductility of chromium 71 was greater than in any of the specimens prepared by other methods.
The first experiments with uranium were not successful, because this metal forms a low melting alloy with the wire, but is easily deposited on a uranium wire or rod 72 • Lanthanides and beryllium have so far not been obtained.
The hot wire method is too complicated and too expensive for production on a large scale. It could be improved considerably if the metal could be deposited on a large surface which could be heated from outside. Niobium with 0·04 per cent oxygen has been deposited on a quartz tube 73 , and uranium has been prepared on a tungsten wire, covered with Th0 2 72 , from which the metal dropsdown when the temperature is above the melting point 74 • For the metals ofthe 4th group, e.g. titanium 75 , it will be difficult to findamaterial that does not react with the metal.
The costs ofthe iodide process could be lowered if eheaper starting materials could be used, e.g. crude titanium containing carbon, oxygen and nitrogen, obtained by fusion of mixtures of titanium oxide and carbon, or cheap aluminium-titanium alloys, or scrap.
The possibilities are rather restricted, because many of the metallic impurities will be transported also. This is obvious for allmetals which can be prepared by the hot wire method; the metal, however, will not contain lanthanides and alkaline earth metals. If Kroll-metal is used as starting material, magnesiumwill be almost completely removed.
From the surprising improvement of the quality of the elements of the fourth group by a transport through the vapour, we should not conclude that allnon-metallic impurities are always eliminated by a hot wire method. There are many sources of contamination, e.g. by contact ofthe iodide vapour with the wall of the vessel. Attempts to prepare beryllium by this method in quartz crucibles produced a beryllium silicide 76 ; in large .. scale operations suitable metal containers are substituted for glass or quartz vessels, to prevent reaction of the iodide vapour with the wall. But, even then, the non-metallic impurities are not completely removed. Hafnium, prepared from a starting material with 1000 p.p.m. oxygen, after deposition still contained "'500 p.p.m. 77 • It is difficult to understand how this oxygen can be transported. It cannot be readily explained by the formation of an oxyiodide because such compounds have low vapour pressures and are decomposed on volatilization.
In special cases, the presence of metallic impurities will cause oxygen transport. In zirconium, containing barium and oxygen, the latter two elements would form barium oxide, and this oxide would react with iodine to form barium iodide and oxygen.
Starting materials, prepared by calcium reduction, will contain calcium oxide, but this compound has a higher heat of formation than the iodide. lfit reacts with iodine at all, the vapour pressure of oxygen will be extremely low.
If the starting material contains carbon and oxygen simultaneously, after reaction with iodine, there will be a residue of titanium carbide and titanium oxide. This mixture may react to form iodide and carbon monoxide, but the reaction is still endothermic and the carbon monoxide pressure will be rather small. However, to be on the safe side, it is advisable to use starting materials that do not contain carbon and oxygen simultaneously, or both oxygen and calcium. All kinds of impurities may be transported by dust from the residue left after the reaction of the starting materials with iodine. There can hardly be any other transport mechanism if carbon is the only impurity.
The advantage of the use of carbide instead of the metal has been discussed by Scaife and Wylie 78 • The author's remark that in the transport not only carbon, but also certain metallic impurities will be removed, if the heats of formation of the carbides are higher than of the iodides. On preparing thorium from thorium carbide, there are quite a number of metallic impurities which are not deposited on the hot wire.
(vi) Electrolysis
Because of their great affinity for oxygen, the less common metals will react with water. This is the main reason why, with a few exceptions, they cannot be prepared by electrolysis from aqueous solutions. The few exceptions are the metals which can be obtained by reduction of the oxides with hydrogen and form ions of low valency, manganese and chromium. The metals produced in this way still contain some oxygen which can be removed by high vacuum sintering, arc-melting, or by sublimation of the metals. The purity ofvanadium which has been obtained by electrolysis from cyanide solutions is not known 79 • When looking for compounds from which metals may be obtained by electrolysis from the liquid state, our only choice is the halides. The oxides and nitrides have very high melting points and the carbides and borides do not show ionic conductivity. The conductivity of the halides is better the lower the charge and the greater the radius of the positive ions. Presumably, liquid ThC1 4 and the lanthanide halides could be used as electrolytes, but other halides, TiX 4 and TaX 5 , are insulators for all practical purposes and with alkali halides they will form complex compounds. The fluoride complexes are rather stable, the compounds with !arger negative ions are not; TiC1 4 , ZrC1 4 and TaC1 5 are, therefore, only slightly soluble in liquid alkali chloride.
The alkali-fluo complexes are more stable, but they still have rather high vapour pressure. Nevertheless, metals have been obtained by electrolysing them, e.g. niobium from K 2 NbF 7 and tantalum from K 2 TaF 7 • The mechanism of this electrolysis is still a problem. The fused salt does not really contain free complex ions TaF 6 or TaF 7 ; the fused complex or mixture with alkali fluoride has to be regarded as an aggregate of F-ions, with the K+ and Ta 5 + in suitable interstices. The structure of the liquid will still resemble that of the solid, the Ta 5 + ions being strongly bonded to the surrounding F-ions. When a field is applied, the Ta 5 + ions will be drawn to the anode by the F-ions moving in that direction. Thus, they will move less rapidly to the cathode than the K + ions, and highly charged positive ions may actually move towards the anode. In that case, at the cathode K + ions will be discharged, and the potassium formed will reduce the fluoride. Only if the charge of the positive ion is lower, is there a chance of direct discharge at the cathode. The form of the deposit on the cathode may be different in both cases, and it is a reasonable hypothesis that !arger crystals will be formed in the direct discharge. If so, it would be advantageaus to use an electrolyte in which the metal ions are discharged directly at the cathode, and the best results could then be expected if a solution of a lower halide in an alkali-or alkaline earth halide is used as electrolyte.
A good quality titanium metal, in very large crystals, can be obtained by electrolysis of a solution of titanous chloride 80 in sodium chloride or potassium ftuoride. Vanadium 81 and chromium 82 have been obtained by similar processes 83 • lnstead of the chloride the fluoride can be used, but since, especially in sodium fluoride solutions, the lower fluorides are less stable and will dis• proportionate, in fluoride solutions there will be no Ti 2 + ions. However, the solution at lower temperatures may still contain Ti 3 + ions. With vanadium, chromium, zirconium and hafnium a chloride bath gave better refining than a ftuoride bath 83 • '
The lower halides of the second and third transition group are less stable than those of the first. ZrF 3 , e.g., does not exist, and ZrC1 3 disproportionates already in molten sodium chloride. Since the higher chlorides are more volatile, the concentration of zirconium halides in halide electrolytes will always be low; only by using a mixture of different halides so that the melting point of the bath is lowered can salt baths with higher concentrations of Zr 3 + or Zr 2 + ions possibly be obtained.
The lower halides are difficult to prepare: in practice, they are always formed during electrolysis in the reaction of the anode material with the normal halide which, when it has a low vapour pressure, is bubbled through the bath.
There are two sources of contamination in electrolysis, by transport through the bath, and by the separation of the solidified metal from the bath materials. The latter could be avoided by using a temperature above the melting point of the metal, as in the electrolytic production of alumini um. This is possible for uranium 84 also, and for some lanthanides. Compact ingots of titanium can be obtained if the temperature of the bath, consisting of calcium and magnesium ftuoride, is near to the melting point of the metal 85 • The transport of impurities through the bath will be very small if the impurities are insoluble. Oxides of metals of low valency probably are insoluble in tlie halides; this is a new argument for using a bath containing ions of low valency only.
The mechanism of the transport is still unknown. We cannot expect that metal with a high oxide solubility Iimit will be deposited free from oxygen, if the oxide concentration of the bath is high. The oxygen content of the cathode material will depend in a complicated way on the concentration, the temperature and the current density. The concentration in the bath will depend on the concentration in the anode. The main factor here will be the rate of transfer of oxygen from the anode into the bath. Of the oxygen in the anode, partwill form a slurry, partwill go into solution: it can thus be understood that there is a ratio of oxygen in the anode and the cathode which averages about 5. Since electrolysis is a repeatable process in which the cathode in the first run can be used as an anode in the second, it is possible to prepare a pure metal from very impure material in a few steps. Compounds like carbides and nitrides used as anode materials may yield metals of a degree of purity 3 in one step.
The transport may be due to a fine "slurry ", fioating in the bath; the separation of anode and cathode by a porous metal screen has been proposed to prevent the slurry from going to the cathode.
Suchov et al. 86 studied the oxygen transport with the aid of radioactive oxygen. They found that there was no appreciable transport to the cathode, so long as the oxygen in the anodewas less than 1 per cent; at higher currents in the anode, 0·3 per cent was found in the cathode; the slurry was found tobe Ti 2 0 3 • Arguments have been given to prove that titanium is deposited by discharge of Ti 2 + ions
•
If TiN is used as an anode 86 , the reduction ratio in anode Sind cathode is higher; the cathode metal contains 0·03 per cent nitrogen only, and when the anode has 0·2 per cent nitrogen, only 0·001 per cent is found in the cathode.
Since carbon will be completely insoluble in the bath, the anode would be expected to contain no carbon at all. In a fluoride bath carbon tetrafiuoride is formed at the anode 88 , and there may be some contamination of the cathode by this gas diffusing through the bath.
If the anode contains carbon and oxygen simultaneously, carbon may be transported too; in practice, there is always some carbon in the cathode. With a titanium carbide cathode, 0·2 per cent of carbon was found in the anode 86 • For titanium in a fluoride-chloride bath 89 , oxygen was reduced from 0·23 to 0·05 per cent, nitrogen from 0·016 to 0·004 per cent, and carbön from 0·114 to 0·02 per cent; for a sodium chloride bath the corresponding figures were, oxygen from 0·018 to 0·037 per cent, nitrogen from 0·30 to 0·15 per cent. From titanium with 4 per cent carbon, in a chloride bath with TiC1 2 and TiCl 3 , a metal with 0·016 per cent carbon was obtained 90 • Ervin reports good results by using titanium carbide as an anode 9 1, and pure uranium was obtained from the carbide as an anode 92 • Oxides cannot be used as anode material, but metals can be prepared from oxides in a chlorination process, followed by electrolysis, e.g. when a mixture ofthorium oxide and carbon is chlorinated in an alkali chloride bath, carbon can be used as an anode 93 • In connection with electrolysis we have to mention two phenomena which still await explanation. The first is that often in electrolysis only part of the deposit is in large crystals; the rest consists of very small crystals. These " fines " will not give a good quality metal because this will contain oxygen. It has always been assumed that this oxygen was picked up in the leaching process, but it could weil be that the fines are formed with a high oxygen content. The same thing happens in halide reduction processes; when titanium ch1oride is reduced with sodium, the metal may contain very fine crystals tagether with large ones. It is difficult to see why, in one batch, crystals of such different sizes are formed. Can it be that the fines are crystals. which grow slowly because they contain more oxygen, e.g. in that they are contaminated by small oxide particles floating in the bath?
If rods of iron and a titanium-oxygen alloy are placed in liquid sodium chloride at "' 1000°, the iron is covered with a layer of titaniurn. Oxygen is said to be necessary; with pure titanium there is no effect at all 94 • Is there a connection between the solubility of this alloy, and the alleged volatility of the Ti0 0 • 2 alloy? From a thermodynamic point of view, the layer deposited on the iron cannot be pure titanium: it is probably a 719 titanium-iron alloy. But even so, the effect is very strange, and as yet unexplained.
( vii) Zone refinin~ With the high-melting mate:rials this has become possible by using the floating zone-method, in which all contamination by reactions· with the vessel wall is eliminated. There is as yet little information on the results. One of the most interesting problems is the behaviour of oxygen; so far the data on this question are scarce.
Kneip and Betterton 95 lowered the iron and nickel content in iodidezirconium to less than 2 p.p.m. The temperature interval in the rx-ß transition was reduced to 8°, whereas, normally, intervals from 16-70° are observed. However, it seems unlikely that an interval of 8° could be due to only 2 p.p.m. impurities; there must still have been another undetected impurity, probably oxygen or nitrogen, which had a much greater influence on the transition interval than metallic impurities. By zone refining the oxygen content of niobium was reduced to such an extent that from this material an oxygen alloy in the range 0·01-0·1 per cent could be prepared, and such properties as the yield stress at different temperatures could be measured with great accuracy 96 • A preliminary report has been given 97 of the preparation, by zone refining, of what appears to be a very pure beryllium which is 50 times more ductile than the normal metal. It is not clear what is the meaning of this factor 50.
With zone-refining techniques the less common metals can be refined to degrees of purity which will enable us to study the many interesting phenomena observed in metals with degrees of purity greater than 6, and i t will be possible to decide what the electrical behaviour of very pure metals will be at very low temperatures.
